Se NMR Evidence of Strongly Coupled Superconductivity in Ko.8Fe2_a;Se2 
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We report the ^^Se NMR Knight shift and spin-lattice relaxation studies on the superconducting 
state of the ternary iron selenide Ko.8Fe2-a;Se2 with Tc ~ 30 K. Just below Tc, the Knight shift 

Kn shows an immediate drop, indicating a singlet pairing. The spin-lattice relaxation rate l/'^'^Ti 
decreases rapidly in the temperature range from Tc to Tc/2, which can be fit with an isotropic 
gap of A « 3.8 ± O.SfcsTc- The Hebel-Slichter coherence peak is not observed. These data give 
bulk evidence for a strongly coupled superconductivity with isotropic gaps in Ko.gFe2-2,Se2, which 
is similar to other iron-based high temperature superconductors. Below Tc/2, the spin-part of 
the Knight shift levels off to a constant value (~ 0.09%), and the spin-lattice relaxation follows a 
l/Ti ~ behavior, which are not well understood. 

PACS numbers: 74.70.-b, 76.60.-k 
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The discovery of high-temperature superconductiv- 
ity in iron pnictidesi"— has attracted a lot of re- 
search interests. Recently, high-temperature supercon- 
ductivity is also observed in the ternary iron selenide 
AyFe2-:,Se2 (A=K, Rb, Cs, etc.f^^ with - 32 K, 
which is much higher than that of the binary iron se- 
lenide a-Fei-^Se at the ambient pressure. Compared 
with other iron-based superconductors, Ko.8Fe2Se2 shows 
distinctive properties. First, iron vacancy seems to 
strongly affect the normal state metallic behavior and the 
superconductivity®''^^^^'^^. Second, the system is probably 
heavily electron doped while the hole band is absenti^rii. 
Theoretically, a band insulator—, and possibly with mag- 
netic correlationsiSiii has been suggested in stoichiomet- 
ric AFe2Se2. However, evidence of antiferromagnetic 
(AFM) spin fluctuations are not obviousi^. 

These observations immediately lead to the question 
whether the superconducting properties of KyFe2-a;Se2 
is the same as that of the iron pnictides and a-Fci-^Se, 
where the AFM spin fluctuations and interband interac- 
tions are believed important for the superconductivity. 
In Ko.8Fe2-a;Se2, a large isotropic gap is suggested by 
the ARPESi^, and preliminary NMR data give a bulk 
evidence of singlet pairing^^. So far the superconducting 
properties are not intensively investigated in the ternary 
iron selenides, and more work is necessary in order to 
gain better understanding on the mechanism of the su- 
perconductivity. 

In this paper, we report our ''^Se NMR Knight shift 
ij'' Kn) and spin lattice relaxation rate (l/''^Ti) studies 
on high quality Ko.8Fe2-a;Se2 single crystals ( Tc rang- 
ing between 29.5-32 K). Below Tc, the Knight shift de- 
creases with T. However, the l/^^Ti does not show a 
coherence peak. In fact, the SLRR decreases rapidly 
down to Tc/2, which can be fit with a single isotropic gap 
A K, (3.8 ± 0.5)fcBTc. These data gives bulk evidence for 
a strongly coupled superconductor with a singlet pairing 
and an isotropic gap. Below Tc/2, however, the Kn ceases 
to decrease with T, and the l/'^'^Ti shows a l/'^'^Ti - T^ 




FIG. 1: (color online) The resonance frequency / of the NMR 
tank coil (with sample S2 inside) under a fixed tuning, which 
shows an onset Tc of 32 K by the increase of / due to 
the demagnetization effect. The frequency shift is given by 
A/(r) cx — Xac(T), where Xac{T) is the ac susceptibility of 
the NMR sample. 



behavior. We discuss these low-temperature behaviors 
with possible intrinsic low energy excitations, or vortex 
core contributions. 

The Ko.8Fe2-3;Se2 single crystals were synthesized by 
the flux-growth method^. For this NMR study, two 
large single crystals (51 and S2) with a dimensions of 
3x2x0. 5mm^ is chosen for the measurements. Sam- 
ple 5*1 was also used for the normal state studies re- 
ported elsewherei^. Sample S2, from the same batch, 
is moderately grounded into small pieces to gain better 
RF penetration (see Fig. [1] for the susceptibility data). 
The '^'^Se Knight shift and the spin-lattice relaxation rate 
(SLRR) measurements were performed under a 12 Tesla 
magnetic field, and the superconducting transition is ob- 
served at 29.5 K for Slii and 31 K for S2 under field. 
We compared the data for sample SI with H/ /ah and 
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FIG. 2: (color online) (a) The temperature dependence of 
the ^^Se Knight shift "^"^ Kn for sample Si (with H/ /ah and 
H/ /c) and for sample 52. Inset; The enlarged view of the low- 
temperature Knight shift, which shows an onset Tc about 30 
K. The Chemical part of the Knight shift Kc, which does not 
change with temperature, is indicated by a dotted line. 



FIG. 3: (color online) (a) The temperature dependence of the 
spin-lattice rate for sample SI and for sample S2. The solid 
line is a fitting to the gap function l/^T?^ = Ae"^/'=«^. (b) 
The log-log plot of the spin-lattice rate for sample S2. 

(c) The 1/TiT at difference temperatures, showing a Fermi- 
liquid-like behavior above Tc. 



H/ /c, and for sample S2 primarily sampling the spectra 
with H/ /ah. The Knight shift Kn{T) is obtained from 
Kn{T) — [f — fo)/ fo, where /o — jB is the calculated 
frequency, and / is the measured frequency of spectral 
maximum. The SLRR is deduced from the spin recov- 
ery after an inversion pulse, with the spectra collected 
with a CPMG sequence ((f)^ — % — echo — iTy — echo...) 
to maximize the signal-to-noise ratio. Our spin recov- 
ery data is well fit by the single exponential function 
/(t)/J(0) = l-6e-*/^i. 

In general, the Knight shift is proportional to the elec- 
tron density of states on the Fermi surface, which de- 
crease below Tc. The spin-lattice relaxation rate 1/Tis 
in the superconducting state are correlated with the nor- 
mal state l/ri„ hy^^ 

where Ns{E,A) and Nq{E) are the electron density of 
states in the normal state and in the superconducting 
state respectively, and f{E) is the Fermi-Dirac distribu- 
tion function with f{E) = 1/(6"'^/'=^^ + 1). 

The temperature dependence of the Knight shift ^''iiTn 
for two samples with different field orientations are shown 
in Fig. [21 Above Tc, the Knight shift is isotropic, and de- 
creases gradually as temperature drops'^*^. Below Tc, the 
Knight shift drops faster with field along the a6-plane 
ij'' K!/^) than with field along the c-axis (^"^K^) for sam- 
ple SI, indicating an anisotropic Hc2- The ^^K^^ are 
consistent for sample SI and S2, and we primarily discuss 
the results of sample 5*2 in the following. In general, the 
Knight shift Kn{T) is written as i^„(T) ^ Kc + K,{T), 
where is the chemical shift and the Kg (T) is the con- 
tribution from the spin part. Our analysis on ^^if„(T) in 



the normal state gives a constant ^^i^Tc of ^ 0.05%, and 
the Ks{T) changing with temperature!^. 

A large decrease of Kn is clearly seen from Tc down 
to Tc/2, which suggests that the system is primarily a 
singlet superconductor. This is consistent with most iron 
arsenide superconductor. For comparison, the decrease 
of Kn has not been reported by a-FeSe system below Tc 
to our knowledge^ ^. 

In order to gain more insight on the pairing symmetry, 
the low-energy excitations are studied by the spin-lattice 
relaxation rate, as shown in Fig. [31 The SLRR is isotropic 
above Tc and anisotropic below Tc, and we only discuss 
Ijiirpf for sample S2 with H//ah. Above Tc, the SLRR 
is consistent with a canonical Fermi liquid with ^^TiTi^^ 
as a constant^'*. Below Tc, the 1/^^Tf'' drops quickly 
with temperature. As shown in Fig. [21Ib), two orders 
of magnitude difference in the SLRR is seen in a large 
temperature range from Tc down to Tc/2. The temper- 
ature dependence is close to a power-law behavior with 
1/^^Ti ^ T^, as shown in Fig. [31 Such a rapid decrease 
is much faster than the 1/Ti ^ T^, which suggests that 
the line node is absent or not obvious in Ko.8Fe2-z;Se2. 

For conventional superconductors, the superconduct- 
ing gap A(T) increases from zero as temperature drops 
below Tc, which produces a Hebel-Slichter coherence 
peak from Tc down to 0.8 T,^^. In Ko.sFea-xSez, our 
data does not show evidence of a coherence peak. The 
absence of the coherence peak draws a similarity to other 
iron-based supercondutors, which will be discussed later. 

For an isotropic singlet superconductor, the SLRR far 
below Tc (Eq. [I]) can be simplified 1/Ti - f^'HT)kBT ^ 
where A(T) is the superconducting gap. We fit the 
YjiTrpab -^j^jj coustaut gap slightly below Tc, and 
A PS 10.8 ± 2 mev is obtained as shown by the fit in 
Fig. [3^. Such a large value produces A//cbTc k, 3.8, over 
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two times of the BCS value /^/ksTc = 1.75. Our ob- 
tained value is very close to the ARPES datapS^, and gives 
the bulk evidence for a strongly coupled, isotropic super- 
conductor. Here we assumed that the gap opens quickly 
with temperature to get the full value of A(0) ~ ^ksTc 
about 2 Kelvin below Tc, so that the coherence peak di- 
minishes naturally. 

In all, the temperature behavior of the Knight shift and 
the SLRR data from down to Tc/2 suggest a strongly 
coupled, singlet superconductivity with an isotropic gap, 
which is similar to other iron pnictide a^^'^'^ . From our 
data, we cannot give direct evidences for multiple super- 
conducting gaps in Ko.8Fe2Se2. However, multiple gaps 
with close values in different bands should lead to a single 
gap behavior in the SLRR. Furthermore, the absence of 
the Hebel-Slichter coherence peak, well known in other 
iron pnictide superconductors, may be an indirect evi- 
dence for multiple gaps with strong impurity scattering 
effectSi. 

For iron pnictides, an s± gap symmetry has been sug- 
gested due to the interband interactions between the elec- 
tron band and the hole band^^""— . Antiferromagnetic 
spin fluctuations are probably also important for the su- 
perconductivity in both the iron pnictide^^ and the a- 
FeSe systentSi. In Ko.8Fe2-a;Se2, however, the hole band 
is not observed in the center of the Bruillouin zone due 
to heavy electron doping. The AFM fluctuations are not 
observed by NMR studiesi^. Then the issue rises how 
to connect the pairing symmetry with the band struc- 
ture and the spin fluctuations in Ko.8Fe2-2;Se2, since the 
superconducting properties are similar for different com- 
pounds. It is possible that other types of spin fluctuations 
are effective to the superconductivityi^iii. 

Below Tc/2, The temperature behavior of the Knight 
shift and the SLRR are unexpected. In principle, 
^^i4:„(T) should drop to Kc ~ 0.5% as T ^ (or 
Ks{T) — 0) for a singlet superconductor. However, the 
spin-part of the Knight shift Kf{T) below Tc/2 levels 



off with a residual value of 0.09% (Fig. [2]), by taking off 
our estimated value of Kc « 0.05%. Currently we are not 
aware whether the large residual Kg as T — > is intrinsic, 
or possibly due to vortex contributions. 

The SLRR also shows a slower decrease with 1/Ti ^ 
below Tc/2 (Fig. In fact, such behavior has also 
been reported in various iron-based superconductors. If 
we assume the low temperature behavior is intrinsic, low 
energy excitations are expected to raise the Knight shift 
and the SLRR rate. Such small value may indicate small 
gap minimum on the Fermi surface. Applying a two-gap 
function for the l/''^Ti, a second gap of A2 ^ 0.25Tc 
with a very low electron density of states (~ 0.1%) is 
obtained. Alternatively, these behaviors could also be 
caused by vortex core contribution'^", which is unlinked 
to the superconductivity regions. Measurements under 
different fields may be helpful to verify if the vortex con- 
tributions exists. 

To summarize, our NMR Knight shift study on 
Ko.8Fe2_a;Se2 has shown the bulk evidence of singlet su- 
perconductivity. The spin-lattice relaxation data fur- 
ther support a strongly coupled superconductor with an 
isotropic gap A « S.SfcsTc. The coherence peak is not 
observed in the SLRR, and may be an indirect evidence 
for unconventional superconductivity. These observation 
draw a lot of similarities of the pairing symmetry among 
Ko.8Fe2_a;Se2 and other iron-based superconductors, al- 
though their respective band structure and the magnetic 
correlations seem to be very different. We also observed 
a level off of the Knight shift and a low-power behavior 
of the SLRR below Tc/2, which are not understood. 
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